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ABSTRACT

Steroid hormone receptors (SHRs), such as glucocorticoid
receptors (GR) and progesterone receptors (PR), are shut-
tling proteins that undergo continuous nuclear import and
export. Various mechanisms have been proposed to explain
the localization of SHRs. It has been suggested that the
ligand-binding domain (LBD) of SHRs is important in de-
termining the subcellular localization. We have studied the
localization of GR-LBD and PR-LBD alone, as well as of
full-length GR and PR in the presence of geldanamycin
(GA), a benzoquinoid ansamycin that specifically inhibits
heat shock protection (Hsp90), using transient transfections
and fluorescent microscopy. Our studies have indicated
that GR-LBD and PR-LBD are retained in the cytoplasm
via interaction with Hsp90. It was observed that in the
unliganded state, treatment with GA translocates these
LBDs to the nucleus. Similar results were obtained for full-
length PR and GR. Additionally, it was found that after
ligand induction, GA accelerated reexport of SHRs after
ligand washout, implicating Hsp90 in nuclear retention of
SHRs in the washout state. We also propose that a recently
found “export” signal present in the LBD of SHRs is
involved in interactions with Hsp90 and hence cytoplasmic
retention of these receptors. After ligand induction, Hsp90
also may play a role in nuclear retention of SHRs following
hormone washout.
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INTRODUCTION

Steroid hormone receptors (SHRs) are shuttling proteins
that undergo continuous nuclear import and export. Diverse
SHRs localize differently in subcellular compartments in
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the unliganded state. For example, estrogen receptors (ER)
are predominantly nuclear, progesterone receptors (PR)
and mineralocorticoid receptors (MR) are nuclear with
some extent of cytoplasmic localization, and glucocorticoid
receptors (GR) and androgen receptors (AR) are mainly
located in the cytoplasm.! These receptors localize in differ-
ent compartments because of the disparity in their import/
export kinetics.? If the import is rate limiting, the SHRs get
exported faster, resulting in a net cytoplasmic localization.
On the other hand, if the export is slower than the import,
accumulation of the receptor in the nucleus results.

The reasons why SHRs exhibit predominantly nuclear or
cytoplasmic localization in the unliganded state have been
investigated by examining putative export and import recep-
tors for these receptors. Crm1 (exportin 1), the classical
export receptor that recognizes leucine-rich export sig-
nals,># is the best-characterized export receptor and has
been implicated for some steroid receptors.>” However, this
protein’s extent of contribution to the export of SHRs is still
uncertain. The use of the Crm1 inhibitor leptomycin B
(LMB) has been complicated by the fact that in addition
to directly inhibiting Crm1,% LMB arrests the cell cycle.”
Calreticulin (CRT), an endoplasmic reticulum resident
protein, might also be involved in steroid receptor export, 1011
but most likely only under acute cellular stress.!> Phosphor-
ylation of certain residues in the steroid receptors via pro-
tein kinases has also been implicated in steroid receptor
export.13-15 For example, phosphorylation of Ser 226 in
GR and Ser 294 in PR has been reported to be involved in
cytoplasmic transport.'® However, the export receptor medi-
ating these processes has not yet been defined. Recently,
a signal that mediates nuclear export and is active in the
absence of ligand was identified in AR. This signal is local-
ized in the ligand-binding domain (LBD) of AR and is
thought to mediate export of ER and MR as well.!”

Nuclear localization of unliganded receptors is thought to be
mediated by a classical nuclear localization signal (NLS),
usually either bipartite or tripartite in nature, with basic (K or
R) amino acids. These NLSs are usually found in the steroid
receptor DNA binding domain or the hinge domain!8-20 and
are imported by importin o..2%-2! The LBD is thought to con-
tain a second NLS, at least for GR, that is activated upon
addition of ligand.2® Many groups have implicated the LBD
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of steroid receptors in the subcellular distribution of these
receptors. For example, removal of the entire LBD from GR
resulted in receptors that were nuclear in the unliganded
state.”!

Saporita et al'” recently hypothesized that there is an export
signal in the LBD of AR that can mediate export indepen-
dent of the Crm1 pathway. The nuclear export signal (NES)
was hypothesized to consist of helixes 5 through 8 of the
LBD and a highly conserved 3 turn between these helixes.
The authors showed that a similar NES was also found in
ER and MR. This NES did not exhibit a high amino acid
homology with the AR NES but was similar in structure.
The NES was shown to be necessary and sufficient to cause
AR export. The authors concluded that this motif in the
LBD is important in determining subcellular localization of
SHRs. Since the LBD of steroid receptors is known to inter-
act with Hsp90,2%23 we investigated the role of Hsp90 in
cytoplasmic localization (or export) of GR and PR (proges-
terone receptor [PRB] isoform) in the unliganded state.
Additionally, after GR and PR were driven into the nucleus
with ligand, the export of these receptors after hormone
washout was also studied. The role of Hsp90 in nuclear
retention of GR and PR after ligand washout was studied
under these conditions.

MATERIALS AND METHODS
Construction of Plasmids
GR

GR was tagged with enhanced green flourescent protein
(EGFP) using the following procedure. Polymerase chain
reaction (PCR) was used to selectively amplify the full-
length GR of a green flourescent protein (GFP)-GR plasmid
(rat C656G GR plasmid)?* using 5-AATTCTCGAGACT-
CCAAAGAATCCTTAGCTCCC-3" as the forward primer
and 5'-TTGGTACCTCATTTTTGATGAAACAGAAGCT-
TTTTG-3' as the back primer. The PCR fragment was then
digested with Xhol and Kpnl. pEGFP-C1 was also digested
with these restriction endonucleases and ligated with the
Xhol/Kpnl cut GR fragment.

PR-LBD

The LBD of PR was extracted by performing PCR on
EGFP-PRB* using the forward primer 5-GCGCGGTAC-
CGTCAGATTGTGAGAGCACTGGA-3" and the back
primer 5'-GCGCGGATCCCAGTTATCTAGATCCGGT-
GGATCC-3'. The LBD product was digested with Kpnl and
BamHI. EGFP-C1 was then cut with Kpnl and BamH]I, calf
intestinal phosphatase (CIP) treated, and ligated to the LBD.
Next, EGFP-PR-LBD was cut with Agel and CIP treated.
EGFP-C1 was digested with Agel and Xmal. The EGFP

fragment was then ligated to the LBD constructs to make
the double EGFP-tagged PR-LBD plasmid.

GR-LBD

The LBD of GR was extracted by performing PCR on GFP-
GR plasmid?* using forward primer 5-GCGCGGTACC
GCAGGAGTCCAAAGACACTTCG-3" and back primer
5'-GCGCGGATCCGAAGATCGTCAGCATTACA-3". This
product was then inserted into EGFP-C1. The resulting
plasmid, EGFP-GR-LBD, was then cut with Agel and CIP
treated. EGFP-C1 was digested with Agel and Xmal, and
the EGFP fragment was then ligated to the LBD constructs
to make the double EGFP-tagged GR-LBD plasmid.

GR621-695 (Numbering Based on Rat GR, Entrez Protein
Locus NP _036708)

PCR was performed on GFP-GR using forward and
backward primers 5'-AATTCTCGAGTTCTCATGGCATTT-
GCCTTGGGTTG-3" and 5'-AAGGTACCCAGACCTTCCT-
TAGGAACTGAGG-3',respectively. The product was digested
with Xhol and Kpnl and inserted into the similarly cut
EGFP-CI1 vector.

PR73%-832 (Numbering Based on Human PR, Entrez Protein
Locus A4S00096)

PCR was performed on EGFP-PRB using forward and
backward primers 5-GCGCAGATCTCTCATTCAGTATTC-
TTGGATGAGC-3" and 5'-GCGCGAATTCCCCTTCCA-
AAGGAATTGTATTAAGAA-3', respectively. The product
was digested with EcoRI and Bg/Il and inserted into the
similarly cut EGFP-C1 vector.

PRI-757

PCR was performed on hPRB (human) to obtain PR with-
out the “export” motif using forward primer 5'-GCG-
CAGATCTGGCATGGACGAGCTGTACAAGTC-3" and
back primer 5'- GCGCGAATTCGCTCATCCAAGAATAC-
TGAATGAGAG-3'". The product was digested with Bg/Il and
EcoRI and inserted into the similarly cut EGFP-C1 vector.

PR NLSc Mutant

The constitutively active NLS (NLSc) in EGFP-PRB was inac-
tivated by replacing K638A, K640A, and K641A using the
QuikChange Site-Directed Mutagenesis Kit by Stratagene (La
Jolla, CA) with forward primer 5'-CTCTGACTTTATTGAA
CGCTGCAAATGCTCGACCTCCAAGGACCATGCCA-
GCC-3' and back primer 5'-CTGGCATGGTCCTTGGAG-
GTCGAGCATTTGCAGCGTTCAATAAAGTCAGAG-3'.
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PR NLSc Mutant!-757

EGFP-PRB plasmid that had the NLS inactivated and was
missing the export motif was constructed by conducting
PCR on the EGFP-PRB NLSc mutant using the same prim-
ers as used for the PR!-7>7 above.

GR!-623

The plasmid encoding EGFP-GR without the export motif
was constructed by using conducting PCR on EGFP-GR
with primers 5-AATTCTCGAGACTCCAAAGAATCC-
TTAGCTCCC-3’, which contains the Xhol site, and 5'-
GTACTCATGGATGTTTCTCATGGCAGGTACCTT-3',
which contains the Kpnl site. This PCR fragment contains
GR but excludes the export motif. This fragment and
pEGFP-C1 were independently digested and then ligated
together.

Hsp90 Plasmid

cHsp90 (chicken) was a gift from Dr David Toft. It was
cloned into a mammalian expression vector by extracting
the fragment using PCR. The primers used were forward
primer 5-GCGCCGCTAGCGTTTAACTTTAAGAAGG-
AGATATACATATG-3' and back primer 5-GCGCGAAT-
TCGTGGTGGTGGTGCTCGAGTGCG-3'. The fragment
obtained was digested with Nhel and EcoRI and inserted
into pEGFP-C1, which was digested with the same enzymes
and CIP treated. EGFP-C1 was used as an expression vector
only. The resulting plasmid does not contain EGFP.

Construction of PR plasmid (known as EGFP-PRB) and
EGFP-EGFP has been previously described.*

All the insertions and mutations in the above constructs
were verified by DNA sequencing (HSC Core Research
Facilities, University of Utah).

Cell Culture

For these studies we used 1471.1 cells (murine adenocarci-
noma cells that do not express endogenous PR) derived
from a C127 cell line.* The cells were maintained in
Dulbecco’s modified eagle’s medium (DMEM; GIBCO
BRL, Grand Island, NY) with 10% fetal bovine serum
(FBS) (Hyclone Laboratories, Logan, UT), penicillin strep-
tomycin (100 U/mL, GIBCO BRL), gentamicin (0.5 mg/mL,
Hyclone), and L-glutamine (2 mM, Hyclone) in a 5% CO,
incubator at 37°C.

Transient Transfections

Transient transfections of 1471.1 cells were performed by
electroporation as previously described.* Briefly, 5 x 106

cells were transfected with 2 pg (or amounts indicated) of
each of the desired plasmid(s) and 8 pg of carrier DNA,
pGL3 basic (Promega, Madison, WI), to make 10 pg of
total DNA. Transfections were performed using an Elect-
rosquare Porator ECM 830 Electroporation system (BTX,
San Diego, CA) at a voltage of 140 V, 10 msec, and 3 pulses
in a total of 100 p of cold plain DMEM. After a 5- to 10-
minute recovery on ice, the electroporated cells were
diluted with complete phenol red-free DMEM (10% FBS
charcoal/dextran treated, Hyclone, L-glutamine, penicillin-
streptomycin, and gentamicin) and plated on a clear cover-
glass (Corning no 1, 22 mm?) in 6 well plates or in live cell
chambers (Lab-tek chamber slide system, 2 mL, Nalge
NUNC International, Naperville, IL). These cells were then
incubated in a 5% CO, incubator at 37°C for 18 to 24
hours.

Microscopy

Approximately 24 hours after electroporation, protein
expression of plasmids was examined by fluorescence
microscopy in fixed or living cells.*2> An Olympus IX701F
inverted fluorescence microscope (Scientific Instrument Co,
Aurora, CO) with a high-quantity narrow band GFP filter
(excitation filter set HQ480/20nm; emission filter set
HQ510/20 nm; with beamsplitter Q4951p) from Chroma
Technology Corp (Brattleboro, VT) was used. Cells were
photographed at a magnification of 40x or 60% using an
F-View Monochrome CCD camera (Olympus, Hamburg,
Germany). To minimize photobleaching of the EGFP chro-
mophore, cells were imaged using neutral-density filters
that transmit 25% of the total light, and short exposure times
of 500 ms were used.

For live cell imaging, a Nevtek ASI 400 Air Stream Incuba-
tor (Burnsville, VA) with variable temperature control was
used to maintain the microscope stage and the live cell
chambers at 37°C.

Chemicals

Transfected 1471.1 cells were grown in phenol red-free
DMEM with 10% charcoal-stripped FBS for 24 hours prior
to addition of geldanamycin (GA) or vehicle. The medium
was refreshed prior to the addition of GA (InvivoGen, San
Diego, CA), an inhibitor of Hsp—steroid receptor interaction
dissolved in dimethyl sulfoxide (DMSO; Fisher Scientific,
Pittsburgh, PA) or vehicle where specified. Control cells
were treated with the same volume of vehicle, DMSO,
for the same time periods. The ligands dexamethasone
(Sigma, St Louis, MO) and the synthetic progestin R5020
(17,21-dimethyl-19-nor-4,9-pregnadiene-3,20-dione; DuPont
NEN, Boston, MA) were used to induce GR and PR, re-
spectively.
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Data Analysis

All images were analyzed by analySIS software (Soft Imag-
ing System GmbH, Lakewood, CO), as described previ-
ously. Average intensities were calculated to overcome the
variations due to differences in the shape and spread of
the cells. To calculate the relative intensity of the nucleus to
the cytoplasm, the average nuclear intensity (nuclear inten-
sity divided by nuclear area) was calculated for each cell
and divided by the average cytoplasmic intensity (cytoplas-
mic intensity divided by area of cytoplasm).2¢

Statistical Analysis

Statistical analysis of the data was performed with Graph-
Pad InStat version 3.02 software (GraphPad Software, Inc,
San Diego, CA). The difference in fluorescence intensity
between samples was tested using the Wilcoxon rank sum
(Mann-Whitney) test for 2 independent samples.

RESULTS

The export capability of complete LBDs of these SHRs was
tested by creating double EGFP fusion proteins with a PR or
GR LBD. These doubly tagged constructs (~86 kDa) were
designed to make sure they were over the size range that
can still undergo passive diffusion (40-60 kDa) into the
nucleus via the nuclear pore complex.? As shown in Figure
1A, PR-LBD showed both nuclear and cytoplasmic distri-
bution, while GR-LBD (Figure 1B) showed predominantly
cytoplasmic localization. The control containing EGFP
alone (Figure 1C, double EGFP) localized in the nucleus
and cytoplasm.

Hsp90 is known to interact with LBDs of both PR and
GR.22.23.27.28 Thus, the effect of the Hsp90 inhibitor GA was
tested. GA is a benzoquinoid ansamycin that specifically
occupies the nucleotide binding site on Hsp90 and prevents
the switch to its ATP-bound conformation, which is required

for binding to steroid receptors.2%30 GA can also directly
block binding of p23 to Hsp, leading to arrest of PR assem-
bly.3! As seen in Figure 2, after a 12- or 24-hour treatment
with 1 pg/mL GA, GR-LBD appeared more nuclear (Fig-
ures 2B, 2D) than it did with vehicle treatments (Figures
2A, 2C), although complete nuclear localization was not
seen. For GR-LBD, the average nuclear-to-cytoplasmic
ratios were higher for 12-hour GA treatment than for 12-
hour vehicle treatment, and this difference was statistically
significant (P <.0001). GA had no effect on PR-LBD, per-
haps since PR-LBD is somewhat nuclear to begin with (data
not shown).

The effect of GA was then tested on full-length GR and PR.
In the absence of GA, full-length PR localized mostly in
the nucleus but had some cytoplasmic distribution (Figures
3E, 3G), while full-length GR was predominantly cytoplas-
mic (Figures 3A, 3C), as expected.2*32 GR appeared more
nuclear with either 12-hour (Figure 3B) or 24-hour (Fig-
ure 3D) 1 pg/mL GA treatment compared with the control
treated with vehicle (DMSO) for the same time (Figures
3A and 3C for 12 and 24 hours, respectively). This differ-
ence was statistically significant at the 12-hour time point
(P =.0026). PR also appeared slightly more nuclear in the
presence of 1 pg/mL GA (Figures 3F and 3H for 12 and
24 hours, respectively) than in the presence of the control
(Figures 3E and 3G for 12 and 24 hours, respectively),
although this difference was not statistically significant (P
> .05) for the number of cells analyzed. However, since
PR has a constitutively active NLS,3? this signal drives
most PR into the nucleus?? regardless of GA. To overcome
this problem, the NLS in PR was inactivated (PR NLSc
mutant) and tested with GA. Indeed, this PR NLSc mutant
was cytoplasmic in the unliganded state at 12 hours (Fig-
ure 31) and 24 hours (Figure 3K) for cells treated with the
vehicle but became more nuclear for cells treated with GA
(Figures 3J and 3K for 12 and 24 hours, respectively). This
difference was also statistically significant at the 12-hour
time point (P < .05). In addition to using low-dose GA

Figure 1. Ligand binding domain of PR/GR is involved in cytoplasmic subcellular localization. PR-LBD and GR-LBD were tagged
to EGFP-EGFP. Localization of PR-LBD (1A), GR-LBD (1B), and EGFP-EGFP (1C) is shown. All are tagged with EGFP-EGFP;
single-tagged EGFP constructs showed similar results (data not shown). PR indicates progesterone receptor; GR, glucocorticoid
receptor; LBD, ligand binding domain; EGFP, enhanced green flourescent protein.

E721



The AAPS Journal 2006; 8 (4) Article 81 (http://www.aapsj.org).

GR LBD 12 hrs (DMSO GR LBD 12 hrs (GA

p

GR LBD 24 hrs (DMSO GR LBD 24 hrs (GA

Figure 2. Effect of GA on localization of unliganded GR-LBD (double EGFP tagged). Cells were treated with 1 pg/mL of GA for a
period of 12 hours (2B) or 24 hours (2D), as specified. GA seemed to cause increased nuclear accumulation of the construct as
compared with DMSO vehicle (2A, 2C). GA indicates geldanamycin; GR, glucocorticoid receptors; LBD, ligand binding domain;
EGFP, enhanced green flourescent protein; DMSO, dimethyl sulfoxide.

for long durations, as done here and also in others’ stud-
ies, 3436 we tested high-dose GA for a short duration31-37-38
on the GR construct. As shown in Figure 4A, high-dose/
short-duration GA treatment (25 uM, 20 minutes) on full-
length GR also results in more nuclear localization of GR;
these results were also statistically significant (P < .05)
compared with the control, where the vehicle (DMSO)
was added instead of GA (Figure 4B).

In an attempt to “force” more PR into the cytoplasm, Hsp90
was overexpressed with PR. Hsp90 might have had a slight
effect on PR (making it more cytoplasmic, Figure 5B), but
this difference was not statistically significant for the number
of cells tested (Figure 6, fourth set of bars). These results
were not surprising because PR has a strong constitutive
NLS, and any effects of Hsp90 are overridden.

A summary of data represented in Figures 2, 3, 4, and 5
appears in Figure 6, which shows the effect of GA on GR-
LBD, GR, PR, PR + Hsp90, and PR NLSc mutant. Statisti-
cally significant differences were found for GR-LBD, GR,
and PR NLSc mutant.

The putative NES motif in the LBD of AR defined by
Saporita et al'” was present between amino acids 743 and
817—a stretch of amino acids conserved in many steroid
receptors. A deletion mutant of AR lacking the export
motif showed predominantly nuclear localization, under-
scoring its importance in determining nucleocytoplasmic
distribution. A similar sequence was found in PR, between
amino acids 758 and 832, and in GR, between amino
acids 621 and 695 (Figure 7A). The LBDs of steroid
receptors would be expected to be conserved since they
all recognize ligands based on steroid structure. Local-
ization of constructs containing export motifs (defined
by Saporita et al'”7) alone (PR758-832 and GR621-695) was
found to occur in the cytoplasm (Figure 7B). These motifs
showed some spotted fluorescence, suggesting the degra-
dation of these nonnative protein fragments via molecu-
lar chaperones.3?

PR and GR were truncated to exclude the amino acid
sequence starting from the export motif and moving beyond
(PR-737 and GR!-923), and the localization of these constructs
was examined using fluorescence microscopy (Figures 8B,
8F). Both the constructs were observed to be distributed
mainly in the nucleus, compared with full-length PR
(nuclear and cytoplasmic) and GR (mostly nuclear), as
shown in Figures 8 A and 8E, respectively. To test whether
the change in localization after making LBD trunca-
tions was due to better exposure of the constitutive NLS
in PR, PR NLSc mutant was truncated to exclude the
export motif. The subcellular localization of this construct
(PR NLSc mutant!-757) was determined (Figure 8D). This
NLSc mutant, lacking the export motif, showed a more
nuclear distribution than the untruncated NLSc mutant did
(Figure 8C).

Lastly, we studied the role of Hsp90 in nuclear retention of
SHRs after ligand withdrawal. Tago et al showed that in
COS7 cells, after induction with hormone, GR translocated
to the nucleus; after hormone washout, GR was exported
back to the cytoplasm. Interestingly, GA was found to accel-
erate the export of GR back to the cytoplasm.*? This suggests
that Hsp90 plays a role in nuclear retention of GR. To con-
firm this, we performed similar studies with GA for PR and
GR in our system. PR was treated with 1 nM R5020 and
driven into the nucleus (Figure 9A). Following ligand wash-
out, cells were incubated with GA (1 pg/mL). Control cells
were treated with the vehicle DMSO for the same time peri-
ods. Export was studied over a period of 24 hours at the time
points of 12 and 24 hours. In the presence of GA, retention
of PR in the nucleus was reduced (and cytoplasmic translo-
cation was increased) compared with control cells treated
with DMSO (the experiment was conducted 5 times). There
was a statistically significant difference in subcellular local-
ization in the constructs in the presence and absence of GA
at 12 hours (P =.0010) but not at 24 hours (P >.05). The lack
of significance at 24 hours was not unexpected, considering
that PR has a constitutively active NLS that causes PR to be
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GR PR PR NLSc Mutant

PR 12 hrs (DMSO) PR NLSc mut 12 hrs (DMSO)

GR 12 hrs (GA) PR NLSc mut 12 hrs (GA)

GR 24 hrs (DMSO) PR 24 hrs (DMSO) PR NLSc mut 24 hrs (DMSO)

GR 24 hrs (GA) PR 24 hrs (GA) PR NLSc mut 24 hrs (GA)

Figure 3. Effect of GA on localization of unliganded PR/GR. Cells were treated with 1 ug of GA for a period of 12 or 24 hours, as
specified. GA caused increased nuclear accumulation of GR at 12 hours (3A vs 3B) and 24 hours (3C vs 3D). For PR, a similar effect
was seen, although it was very subtle (3E, 3F, 3G, 3H). PR NLSc¢ mutant was more nuclear in the presence of GA at both 12 and 24
hours (31, 3J, 3K, 3L). GA indicates geldanamycin; PR NLSc mut, progesterone receptor with the constitutively active nuclear
localization signal mutated; GR, glucocorticoid receptor; DMSO, dimethyl sulfoxide; mut, mutant.

mostly nuclear even in the absence of ligand.3? For studies ~ pared with control cells treated with DMSO. GR localization
with GR, GA was found to reduce the retention of GR inthe  was significantly different on treatment with GA at 12 hours
nucleus and to increase cytoplasmic translocation as com- (P <.0001) and at 24 hours (P =.0145).
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Figure 4. Effect of high-dose/low-concentration GA on
localization of full-length GR. Cells were treated with 25 p GA
for 20 minutes. GA caused increased nuclear accumulation of
the receptor. The difference in nuclear localization of full-length
GR between GA (4A) and DMSO (4B) (vehicle) was statistically
significant. GA indicates geldanamycin; GR, glucocorticoid
receptor; DMSO, dimethyl sulfoxide.

DISCUSSION

Previous studies have shown that the LBD is important for
determining subcellular localization. Wan et al found that
exchanging the LBD of PR with that of GR led to a more
cytoplasmic localization of chimeric PR. Similarly, exchang-
ing the LBD of GR with that of PR caused the chimeric GR
to be more nuclear as compared with the wild-type recep-
tor.4! Kino et al suggested that an altered LBD may impede
the exit of GR from the nucleus.?! These reports indicate
that LBD plays an important role in determining the subcel-
lular localization of the receptor and that helices 1 to 5 could
likely determine localization specificity.2*! Recently,
Saporita et al'” reported the presence of an export motif in
the LBD of AR, ER, and MR that was necessary and suffi-
cient for export. We have identified a comparable motif in
PR and GR, present between amino acids 758 and 832 for
PR and 621 and 695 for GR. This motif also lies within the
LBD. The LBD of these receptors binds to heat shock pro-
teins in the cytoplasm, which keeps them in a conformation
suitable for steroid binding. A single region in the steroid
receptor LBD that binds to Hsps has not been defined,?? and

‘
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Figure 5. Effect of Hsp90 overexpression on export of PR. PR
control localization (5A) as compared with localization with
overexpression of Hsp90 (5B). Experiments were performed in
triplicate. Hsp90 indicates heat shock protein 90; PR,
progesterone receptor.

4

W Treated With DMSO
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PR + Hsp90 PR NLSc mut

|
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Ratio of Nuclear/Cytoplasmic
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Figure 6. Effect of GA treatment on unliganded receptors. Cells
transfected with GR-LBD (data from Figure 2); GR, PR, and PR
NLSc mut (data from Figure 3); and PR cotransfected with
Hsp90 (data from Figure 5) were treated with GA for 12 hours
and the localization was examined. GA reduced the cytoplasmic
localization of these proteins. Cytoplasmic localization of GR-
LBD and GR was reduced considerably, while that of PR and PR
overexpressed with Hsp90 was reduced only slightly. Data are
presented as mean + SD, n = 15 (experiments were conducted in
triplicate). There was a considerable difference between the
constructs treated with GA and those treated with DMSO in the
case of GR-LBD (P <.0001) and GR (P = 0.0026). Although
localization of unliganded PR induced with GA was slightly
more nuclear than without GA, this difference was not
significant for this number of cells (P > .05). Also, the PR
constructs overexpressed with Hsp90 did not show any major
difference on treatment with GA (P > .05). GA indicates
geldanamycin; DMSO, dimethyl sulfoxide; GR, glucocorticoid
receptor; LBD, ligand binding domain; PR NLSc mut indicates
progesterone receptor with the constitutively active nuclear
localization signal mutated.

it is possible that Hsps recognize a tertiary structure and not
specific amino acids for interaction.?2 However, the amino
acid region 556 to 659 in GR has been shown to be impor-
tant for Hsp90 binding.?’#2 Since the NES defined by
Saporita et all” falls within the LBD, we wanted to deter-
mine whether the NES, instead of acting as an export signal
per se, was mediating cytoplasmic localization of the recep-
tor via Hsp90. Removal of this export motif could lead to a
more nuclear distribution, if Hsp90 cannot bind to it. Since
Hsp90 functions in part as a cytoplasmic retention factor for
steroid receptors, we investigated the role of Hsp90 in sub-
cellular localization of PR and GR.

Wild-type truncated PR/GR, excluding the export motif,
showed mainly nuclear localization. It is possible that the
cytoplasmic retention of wild-type PR/GR is due to binding
to heat shock proteins, as the minimal high-affinity binding
region in GR that binds to Hsp90 is between amino acids
556 and 659,2742 which contains part of the export motif
(Saporita et al'”). Similarly, the region identified in PR for
Hsp binding?® encompassed the conserved region of the
export motif. Heat shock proteins are known to form a het-
eromeric complex with SHRs in the cytoplasm. Hsps bind
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Figure 7. Localization of export motif. (A) Export motifs in PR
and GR aligned with the NES motif described by Saporita et al
in ARs.!7 (B) EGFP-EGFP-GR%2!-6% (7B.i) and EGFP-EGFP-
PR758-832 (7B.ii) localize at least to some degree in the
cytoplasm. GR (621-695) numbering corresponds to rat GR, PR
(758-832) numbering corresponds to human PR, aR (743-817)
numbering corresponds to human AR from Saporita et al. PR
indicates progesterone receptors; GR, glucocorticoid receptor;
AR, androgen receptor; NES, nuclear export signal; EGFP,
enhanced green flourescent protein.

to the LBD of steroid receptors and maintain these receptors
in a conformation susceptible to ligand binding.*? It has also
been suggested that these proteins are translocated as a
complex with the steroid receptors on ligand induction.3?
However, the mode of export of heat shock proteins back
into the cytoplasm is unknown.

GA causes destabilization of Hsp—steroid receptor com-
plexes. GA’s effect on the nucleocytoplasmic distribution of
PR and GR in the absence of ligand was studied. The
unliganded receptors localized mainly in the cytoplasm.
However, adding GA to both PR and GR led to more nuclear
localization, suggesting reduced cytoplasmic retention on
inhibition of Hsp binding. The cytoplasmic localization of
GR-LBD was also reduced on treatment with GA, indicat-
ing that LBD is involved in cytoplasmic retention via Hsp90.
PR has a strong constitutive NLS that causes movement of
the receptor to the nucleus regardless of GA. However,
localization of PR NLSc mutant into the nucleus on induc-
tion with GA further suggests that LBD is involved in cyto-
plasmic retention via Hsp90. There is a possibility that GA
may indirectly affect cellular transport as well because of
the large number of Hsp90 clients. However, GA has not
yet been shown to interact with import/export machinery
and has been very commonly used in SHR transport
studies.35-3?

Nuclear localization of PR!757 and GR!-623 (PR and GR
with truncated export motif) implies that this motif is
retained in the cytoplasm by some mechanism. PR NLSc¢
mutant!-757, lacking the export motif and the strong consti-
tutive NLS, localized in the nucleus further, suggesting the

TN

PR NLSc Mutant!7%7

PR NLSc Mutant

GR1-623

Figure 8. Effect of truncations on PR and GR localization. PR,
PR NLSc mutant, and GR were truncated to exclude the export
motif identified by Saporita et al'” and beyond. In all cases,
exclusion of the motif results in more nuclear localization. PR
indicates progesterone receptor; PR NLSc mut, progesterone
receptor with the constitutively active nuclear localization signal
mutated; GR, glucocorticoid receptor.

involvement of the export motif in cytoplasmic retention.
Since steroid receptors mainly bind to heat shock proteins
in the cytoplasm, this export motif may play a central
role in Hsp binding, and its removal leads to enhanced
nuclear localization. Thus, the export motif, present in
LBD, defined by Saporita et al is most likely involved in
cytoplasmic retention of receptors via Hsp90, rather than
being a true export signal sequence.> However, no single
clearly demarcated region has yet been identified for bind-
ing to Hsp90.23:44 Our studies show that in the absence of
ligand Hsp90 is involved in cytoplasmic retention of PR
and GR.

Interestingly, in the presence of ligand, Hsp90 is thought to
be involved in the nuclear translocation and/or nuclear reten-
tion of GR. Several studies have shown that blocking of
Hsp90 with GA leads to loss of nuclear translocation in the
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Figure 9. PR and GR export (after ligand induction) in the
presence of GA. Export studies of PR and GR were performed
24 hours after transfection. Cells were induced with ligand for
90 minutes (1 nM R5020 for PR and 0.1 nM dexamethasone for
GR) for 90 minutes. Ligand was washed off and cells incubated
in fresh media in the presence of GA (1 w/mL). Control cells
were treated with the vehicle DMSO for the same time periods.
Export was studied over a period of 24 hours at time points of 12
and 24 hours. (A) GA reduced the retention of PR in the nucleus
and increased cytoplasmic translocation as compared with
control cells treated with DMSO (experiment conducted 5
times). Data are presented as mean + SD, n = 20. Mann-Whitney
test supported a considerable difference in subcellular
localization in the constructs in the presence and absence of GA
at 12 hours (P =.0010) but not at 24 hours (P > .05). (B) GA
reduced the retention of GR in the nucleus and increased
cytoplasmic translocation as compared with control cells treated
with DMSO. Data are presented as mean + SD, n =20. GR
localization was significantly different on treatment with GA at
12 hours (P <.0001) and at 24 hours (P = .0145). L indicates
ligand; LW, ligand withdrawal; GA, geldanamycin; DMSO,
dimethyl sulfoxide; PR, progesterone receptors; GR,
glucocorticoid receptors.

presence of ligand.?3-37:45 Tago et al found that after hormone
induction followed by washout, GA accelerated the reloca-
tion of GR to the cytoplasm. This suggests a role for Hsp90
in nuclear retention of GR after ligand washout. Our studies
(Figure 9) corroborate these findings as well. The cytoplas-
mic relocalization of PR and GR after ligand withdrawal was
enhanced with treatment with GA (Figure 9), indicating that

Hsp90 is somehow also involved in the nuclear retention of
these receptors. If Hsp90 is involved both in export of SHRs
and in nuclear retention after ligand withdrawal, additional
associated proteins or a signaling mechanism may be neces-
sary to stimulate these events. The protein p23, the smallest
member of the Hsp machinery, has been shown to be involved
in receptor-Hsp signaling interaction3!-3345 and could be
involved in this process.

CONCLUSION

Steroid receptors are shuttling proteins whose import in the
unliganded state is well defined and well studied.20-33.46-50
However, the export of steroid receptors has not been fully
nailed down and has been proposed to occur by several dif-
ferent mechanisms. These include export via CRMI1, via
CRT, and via phosphorylation. We believe that the new
export motif defined by Saporita et al interacts with Hsp90
and is retained in the cytoplasm via Hsp90. Indeed, studies
with the Hsp90 inhibitor GA provide strong evidence of
this. Hsp90 also seems to play a role in nuclear retention of
SHRs after ligand washout. Export (and import) of proteins
besides steroid receptors may occur via a piggyback mecha-
nism with other molecular chaperones,>!-33 which adds to
the complexity of studying SHR export.

REFERENCES

1. Baumann CT, Lim CS, Hager GL. Intracellular localization and
trafficking of steroid receptors. Cell Biochem Biophys.
1999;31:119-127.

2. Defranco DB, Madan AP, Tang Y, Chandran UR, Xiao N, Yang J.
Nucleocytoplasmic shuttling of steroid receptors. Vitam Horm.
1995;51:315-338.

3. Gorlich D, Kutay U. Transport between the cell nucleus and the
cytoplasm. Annu Rev Cell Dev Biol. 1999;15:607-660.

4. Kanwal C, Li H, Lim CS. Model system to study classical nuclear
export signals [serial online]. A4PS PharmSci. 2002;4:E18.

5. Hache RJ, Tse R, Reich T, Savory JG, Lefebvre YA.
Nucleocytoplasmic trafficking of steroid-free glucocorticoid receptor.
J Biol Chem. 1999;274:1432-1439.

6. Liu J, DeFranco DB. Protracted nuclear export of glucocorticoid
receptor limits its turnover and does not require the exportin 1/CRM1-
directed nuclear export pathway. Mol Endocrinol. 2000;14:40-51.

7. Holaska JM, Black BE, Love DC, Hanover JA, Leszyk J, Paschal
BM. Calreticulin is a receptor for nuclear export. J Cell Biol.
2001;152:127-140.

8. Kudo N, Wolff B, Sekimoto T, et al. Leptomycin B inhibition of
signal-mediated nuclear export by direct binding to CRM1. Exp Cell
Res. 1998;242:540-547.

9. Yoshida M, Nishikawa M, Nishi K, Abe K, Horinouchi S, Beppu T.
Effects of leptomycin B on the cell cycle of fibroblasts and fission yeast
cells. Exp Cell Res. 1990;187:150-156.

10. Black BE, Holaska JM, Levesque L, et al. NXT1 is necessary for
the terminal step of Crm1-mediated nuclear export. J Cell Biol.
2001;152:141-155.

E726



The AAPS Journal 2006; 8 (4) Article 81 (http://www.aapsj.org).

11. Holaska JM, Black BE, Rastinejad F, Paschal BM. Ca2+-dependent
nuclear export mediated by calreticulin. Mol Cell Biol.
2002;22:6286-6297.

12. Walther RF, Lamprecht C, Ridsdale A, et al. Nuclear export of the
glucocorticoid receptor is accelerated by cell fusion-dependent release
of calreticulin. J Biol Chem. 2003;278:37858-37864.

13. Itoh M, Adachi M, Yasui H, Takekawa M, Tanaka H, Imai K.
Nuclear export of glucocorticoid receptor is enhanced by c-Jun
N-terminal kinase-mediated phosphorylation. Mol Endocrinol.
2002;16:2382-2392.

14. Lee H, Bai W. Regulation of estrogen receptor nuclear export by
ligand-induced and p38-mediated receptor phosphorylation. Mol Cell
Biol. 2002;22:5835-5845.

15. Yang J, Liu J, DeFranco DB. Subnuclear trafficking of
glucocorticoid receptors in vitro: chromatin recycling and nuclear
export. J Cell Biol. 1997;137:523-538.

16. Lange CA, Shen T, Horwitz KB. Phosphorylation of human
progesterone receptors at serine-294 by mitogen-activated protein
kinase signals their degradation by the 26S proteasome. Proc Natl Acad
Sci USA. 2000;97:1032-1037.

17. Saporita AJ, Zhang Q, Navai N, et al. Identification and
characterization of a ligand-regulated nuclear export signal in androgen
receptor. J Biol Chem. 2003;278:41998-42005.

18. Guiochon-Mantel A, Lescop P, Christin-Maitre S, Loosfelt H,
Perrot-Applanat M, Milgrom E. Nucleocytoplasmic shuttling of the
progesterone receptor. EMBO J. 1991;10:3851-3859.

19. Ylikomi T, Bocquel MT, Berry M, Gronemeyer H, Chambon P.
Cooperation of proto-signals for nuclear accumulation of estrogen and
progesterone receptors. EMBO J. 1992;11:3681-3694.

20. Savory JG, Hsu B, Laquian IR, et al. Discrimination between NL1-
and NL2-mediated nuclear localization of the glucocorticoid receptor.
Mol Cell Biol. 1999;19:1025-1037.

21. Kino T, Stauber RH, Resau JH, Pavlakis GN, Chrousos GP.
Pathologic human GR mutant has a transdominant negative effect on
the wild-type GR by inhibiting its translocation into the nucleus:
importance of the ligand-binding domain for intracellular GR
trafficking. J Clin Endocrinol Metab. 2001;86:5600-5608.

22. Schowalter DB, Sullivan WP, Maihle NJ, et al. Characterization of
progesterone receptor binding to the 90- and 70-kDa heat shock
proteins. J Biol Chem. 1991;266:21165-21173.

23. Pratt WB, Toft DO. Steroid receptor interactions with heat shock
protein and immunophilin chaperones. Endocr Rev. 1997;18:306-360.

24. Htun H, Barsony J, Renyi I, Gould DL, Hager GL. Visualization of
glucocorticoid receptor translocation and intranuclear organization in
living cells with a green fluorescent protein chimera. Proc Natl Acad Sci
USA. 1996;93:4845-4850.

25.Li H, Yan G, Kern SE, Lim CS. Correlation among agonist dose,
rate of import, and transcriptional activity of liganded progesterone
receptor B isoform in living cells. Pharm Res. 2003;20:1574-1580.

26. Kanwal C, Mu S, Kern SE, Lim CS. Bidirectional on/off switch for
controlled targeting of proteins to subcellular compartments. J Control
Release. 2004;98:379-393.

27. Dalman FC, Scherrer LC, Taylor LP, Akil H, Pratt WB. Localization
of the 90-kDa heat shock protein-binding site within the hormone-
binding domain of the glucocorticoid receptor by peptide competition.

J Biol Chem. 1991;266:3482-3490.

28. Housley PR, Sanchez ER, Danielsen M, Ringold GM, Pratt WB.
Evidence that the conserved region in the steroid binding domain of the
glucocorticoid receptor is required for both optimal binding of hsp90

and protection from proteolytic cleavage. A two-site model for hsp90
binding to the steroid binding domain. J Biol Chem.
1990;265:12778-12781.

29. Dittmar KD, Demady DR, Stancato LF, Krishna P, Pratt WB.
Folding of the glucocorticoid receptor by the heat shock protein (hsp)
90-based chaperone machinery. The role of p23 is to stabilize receptor.
hsp90 heterocomplexes formed by hsp90.p60.hsp70. J Biol Chem.
1997;272:21213-21220.

30. Roe SM, Prodromou C, O’Brien R, Ladbury JE, Piper PW, Pearl
LH. Structural basis for inhibition of the Hsp90 molecular chaperone by
the antitumor antibiotics radicicol and geldanamycin. J Med Chem.
1999;42:260-266.

31. Smith DF, Whitesell L, Nair SC, Chen S, Prapapanich V, Rimerman
RA. Progesterone receptor structure and function altered by
geldanamycin, an hsp90-binding agent. Mol Cell Biol.
1995;15:6804-6812.

32. Lim CS, Baumann CT, Htun H, et al. Differential localization and
activity of the A- and B-forms of the human progesterone receptor using
green fluorescent protein chimeras. Mol Endocrinol. 1999;13:366-375.

33. Guiochon-Mantel A, Loosfelt H, Lescop P, Christin-Maitre S,
Perrot-Applanat M, Milgrom E. Mechanisms of nuclear localization of
the progesterone receptor. J Steroid Biochem Mol Biol.
1992;41:209-215.

34. Vanaja DK, Mitchell SH, Toft DO, Young CY. Effect of
geldanamycin on androgen receptor function and stability. Cell Stress
Chaperones. 2002;7:55-64.

35. Segnitz B, Gehring U. The function of steroid hormone receptors is
inhibited by the hsp90-specific compound geldanamycin. J Biol Chem.
1997;272:18694-18701.

36. Whitesell L, Cook P. Stable and specific binding of heat shock
protein 90 by geldanamycin disrupts glucocorticoid receptor function in
intact cells. Mol Endocrinol. 1996;10:705-712.

37. Galigniana MD, Scruggs JL, Herrington J, et al. Heat shock protein
90-dependent (geldanamycin-inhibited) movement of the glucocorticoid
receptor through the cytoplasm to the nucleus requires intact
cytoskeleton. Mol Endocrinol. 1998;12:1903-1913.

38. Czar MJ, Galigniana MD, Silverstein AM, Pratt WB. Geldanamycin,
a heat shock protein 90-binding benzoquinone ansamycin, inhibits
steroid-dependent translocation of the glucocorticoid receptor from the
cytoplasm to the nucleus. Biochemistry. 1997;36:7776-7785.

39. Hohfeld J, Cyr DM, Patterson C. From the cradle to the grave:
molecular chaperones that may choose between folding and
degradation. EMBO Rep. 2001;2:885-890.

40. Tago K, Tsukahara F, Naruse M, Yoshioka T, Takano K. Regulation
of nuclear retention of glucocorticoid receptor by nuclear Hsp90. Mol
Cell Endocrinol. 2004;213:131-138.

41. Wan Y, Coxe KK, Thackray VG, Housley PR, Nordeen SK. Separable
features of the ligand-binding domain determine the differential
subcellular localization and ligand-binding specificity of glucocorticoid
receptor and progesterone receptor. Mol Endocrinol. 2001;15:17-31.

42. Howard KJ, Holley SJ, Yamamoto KR, Distelhorst CW. Mapping
the HSP90 binding region of the glucocorticoid receptor. J Biol Chem.
1990;265:11928-11935.

43. Kaufmann SH, Wright WW, Okret S, et al. Evidence that rodent
epididymal sperm contain the Mr approximately 94,000 glucocorticoid
receptor but lack the Mr approximately 90,000 heat shock protein.
Endocrinology. 1992;130:3074-3084.

44. Xu M, Jr, Dittmar KD, Jr, Giannoukos G, Jr, Pratt WB, Jr, Simons
SS, Jr. Binding of hsp90 to the glucocorticoid receptor requires a

E727



The AAPS Journal 2006; 8 (4) Article 81 (http://www.aapsj.org).

specific 7-amino acid sequence at the amino terminus of the hormone-
binding domain. J Biol Chem. 1998;273:13918-13924.

45. Young JC, Hartl FU. Polypeptide release by Hsp90 involves ATP
hydrolysis and is enhanced by the co-chaperone p23. EMBO J.
2000;19:5930-5940.

46. Freedman ND, Yamamoto KR. Importin 7 and importin alpha/
importin beta are nuclear import receptors for the glucocorticoid
receptor. Mol Biol Cell. 2004;15:2276-2286.

47. Boulikas T. Nuclear import of protein kinases and cyclins. J Cell
Biochem. 1996;60:61-82.

48. Jans DA, Chan CK, Huebner S. Signals mediating nuclear targeting
and their regulation: application in drug delivery. Med Res Rev.
1998;18:189-223.

49. Shen T, Horwitz KB, Lange CA. Transcriptional hyperactivity of
human progesterone receptors is coupled to their ligand-dependent

down-regulation by mitogen-activated protein kinase-dependent
phosphorylation of serine 294. Mol Cell Biol. 2001;21:6122-6131.

50. Kaffman A, O’Shea EK. Regulation of nuclear localization: a key to
a door. Annu Rev Cell Dev Biol. 1999;15:291-339.

51. Rivera OJ, Song CS, Centonze VE, Lechleiter JD, Chatterjee B, Roy
AK. Role of the promyelocytic leukemia body in the dynamic
interaction between the androgen receptor and steroid receptor
coactivator-1 in living cells. Mol Endocrinol. 2003;17:128-140.

52. Schlatter H, Langer T, Rosmus S, Onneken ML, Fasold H. A novel
function for the 90 kDa heat-shock protein (Hsp90): facilitating nuclear
export of 60 S ribosomal subunits. Biochem J. 2002;362:675-684.

53. Kang KI, Devin J, Cadepond F, et al. In vivo functional protein-
protein interaction: nuclear targeted hsp90 shifts cytoplasmic steroid
receptor mutants into the nucleus. Proc Natl Acad Sci USA.
1994;91:340-344.

E728



